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Abstract: Partially grouted masonry walls subjected to in-plane shear exhibit a complex behaviour 
because of the influence of the aspect ratio, the pre-compression, the grouting pattern, the ratios of the 
horizontal and the vertical reinforcements, the boundary conditions and the characteristics of the 
constituent materials. The existing in-plane shear expressions for the partially grouted masonry are 
formulated as sum of strength of three parameters, namely, the masonry, the reinforcement and the axial 
force. The parameter ‘masonry’ includes the wall aspect ratio and the masonry compressive strength; the 
aspect ratio of the unreinforced panel inscribed into the grouted cores and bond beams are not 
considered, although failure is often dominated by these unreinforced masonry panels. This paper 
describes the dominance of these panels, particularly those that are squat, to the shear capacity of whole 
of shear walls. Further, the current design formulae are shown highly un-conservative by many 
researchers; this paper provides a potential reason for this un-conservativeness. It is shown that by 
including an additional term of the unreinforced panel aspect ratio a rational design formula could be 
established. This new expression is validated with independent test results reported in the literature – both 
Australian and overseas; the predictions are shown to be conservative.  
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1. Introduction  
The existing in-plane shear design expressions in various national standards are based on additive 
approach. This method adds the capacity of masonry, the contributions of the pre-compression and the 
reinforcement. The masonry terms is accounted as a function of masonry strength and the wall aspect 
ratio. A fraction of the applied pre-compression and the steel reinforcement yield strength are also 
accounted. However, there are additional factors that influence the in-plane shear capacity of the partially 
grouted masonry shear walls, such as the boundary condition and the grout spacing / panel aspect ratio
(Dhanasekar and Haider 2011; Haach et al. 2011; Janaraj et al. 2011). In the absence of these 
parameters, the current design formulae are often criticised as being highly un-conservative/ unsafe 
(Shrive et al. 2009; Nolph and ElGawady 2012; Janaraj 2014; Janaraj and Dhanasekar 2014). 
The existing design expressions in the Australian, New Zealand and the USA standards ( AS 3700 (2011),
NZS 4230 (2004) and MSJC (2008), respectively) are considered in this paper. These expressions 
attracted criticism of providing un-conservative predictions. This un-conservatism may be attributed to the 
complexity and to some extent, the lack of understanding of the in-plane shear behaviour of the walls. AS 
3700 (2011) contains only masonry and reinforcement terms; although very simple, also is shown very 
highly non-conservative. The masonry term is expressed in wall aspect ratio while completely disregarding 
masonry strength. The exclusion of masonry strength might well be a problem. Further this formula 
completely neglects the effect of pre-compression and boundary conditions effects. AS 3700 (2011) in-
plane shear expression is shown in Eq. (1).
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Where wO is the aspect ratio of the whole wall  H L , in which H is height and L is length of the wall. 
Walls of aspect ratio less than unity, low vertical and the horizontal reinforcement areas are particularly 
prone to provide highly non-conservative predictions; for example, a wall of 1.6 m high, 5.0 m long 
reinforced with N12 bars at 1.2 m c/c are shown to predict 234 % higher capacity compared to laboratory 
experiment, where care is taken on the quality of specimens. Therefore, using this expression for real 
world designs require urgent attention – this paper attempts to provide a rational base for making the 
predictions conservative.   
The NZS 4230 (2004) expression is shown in Eq. (2).
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He , Ash , Asv , bw , d , f yh , f yv , L , hs and P stands for effective height of the wall, area of the 
horizontal steel, area of the vertical steel, effective wall width, design length of wall, yield strength of the 
horizontal steel, yield strength of the vertical steel, wall length, vertical spacing of the horizontal bars and 
pre-compression load, respectively. vbm is the basic shear strength of masonry and  D is the angle of 
diagonal strut to vertical. The term  b dw accounts for the face shell area and does not include the area of 
grout. This assumption considers the shear flow continuity requirements and to avoid any potential for 
shear failures in the un-grouted shells. The design length ( d ) of the wall is limited to 80% of the actual
wall length. 
The in-plane shear expression of the Masonry Standard Joint Committee (MSJC 2008) is shown in Eq. 
(3). This equation includes wall aspect ratio and the strength to masonry terms. The pre-compression load 
and the horizontal reinforcement terms are also included. 
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In which the maximum in-plane load is limited to,
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is moment to shear arm length ratio of the wall and 'fm is compressive strength of the masonry.
The net area ( An ) accounts the facially bedded area and the grouted area.
Partially grouted masonry walls were shown to exhibit panel failures while the grouted cores remain intact 
(Janaraj et al. 2011; Nolph and ElGawady 2012; Minaie et al. 2014). This panel failure is critical in 
determining the in-plane shear capacity of the wall.  Therefore, this paper examines the significance of the 
panel aspect ratio and the factors influencing the wall failure and panel only failure. Further, an in-plane 
shear expression is developed based on the panel only failure walls which predict the in-plane shear 
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capacity conservatively. The panel aspect ratio ( pO ) is defined in Eq. (4). Where h is panel height and l
is panel length as shown in Figure 1. 
p
h
l
O  (4) 
The in-plane shear capacity of the wall is non-dimensionalised as in Eq. (6).
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Where X is non-dimensional shear strength and V is in-plane load capacity of the wall. The wall 
containing several panels is denoted as ,x yW where x indicated number of panels along the wall 
horizontal in-plane loaded direction and y indicates number of panel along the wall height direction.
Number of panels along the height direction of the wall is also called as storey. Two storey wall defines a 
wall which has two panels along its height direction.
2. Experiment and Numerical validation.
Diagonal compression tests reflect the behaviour of laterally loaded shear walls, although the boundary 
condition and aspect ratio of walls could not be replicated in these tests; however, they are simpler and 
can provide reliable estimate of the shear strength of masonry (ASTM 2002; Petersen et al. 2012; Janaraj 
and Dhanasekar 2014). It is therefore prudent to develop finite element models to replicate the diagonal 
compression tests and then use the same FE model for various geometry of shear walls. The shear wall 
behaviour output from the FE models can be validated using other independent tests. This approach is 
followed in this paper.
The transmission of the diagonal compression test into the in-plane horizontal load is shown in Figure 1
where the diagonal strut formation of load resisting mechanism exists. This diagonal load test is widely 
used to examine the effectiveness of strengthening mechanism of the masonry with FE model 
development. This diagonal load test was conducted and tested in accordance with provisions of ASTM 
(2002). As large size wall cannot be tested under this method, half scale specimens were constructed to 
accommodate higher number of mortar joints within the panel.  
                                             (a) Diagonal load test.                                            (b) In-plane horizontal load.
Figure 1. Conversion of diagonal load test to partially grouted masonry walls.
Four experimental walls were constructed and tested under diagonal load test; a) two un-grouted masonry 
walls and b) two grouted masonry walls. The wall dimension is 850 mm square as shown in the figure with 
the thickness of 90.5 mm. The face shell thickness is 15.75 mm. The grouted masonry wall has grout in its 
D
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edge recesses with a 12 mm diameter reinforcing bar placed at the centre. The diagonal load versus 
diagonal displacement was obtained and used for FE model validation. A non-linear FE modelling based
on the homogenized macro element characteristics in explicit formulation was adopted as it predicting the 
masonry shear wall behaviours well (Dhanasekar and Haider 2008).  A macro modelling strategy was 
deployed using ABAQUS Explicit formulation reported in Dhanasekar and Haider (2008) was adopted and 
reported in Janaraj and Dhanasekar (2014). The masonry mesh height was selected to represent one 
block height (90 mm) and one mortar thickness (5 mm). The length of the masonry mesh was selected by 
compromising the optimum mesh size from the mesh sensitive study which can sufficiently represent 
block and mortar. The FE model arrangement and the selected mesh sizes are shown in Figure 2.
Multi surface plasticity model was adopted to represent the masonry behaviours (Lourenço 1996). As the 
grouted cores are governed by similar masonry anisotropic behaviour, same masonry multisurface 
material model was selected to represent the grouted cores with different parameters. These masonry and 
the grouted cores parameters were determined from the conducted material testing of compression test, 
four point bending tests and triplet tests. The test results and the parameters can be found elsewhere 
Janaraj and Dhanasekar (2014). 
The reinforcement was represented by two node truss elements with the limited compression as the 
reinforcement was placed without any shear ties.  From the conducted tensile coupon test, the yield 
strength and the elastic modulus was found as 500 MPa and 200 GPa, respectively. The stress strain 
curve was input as material parameters.
The predicted diagonal load versus diagonal displacement response of the diagonally loaded wall was 
compared with that of the tested panels and is shown in Figure 3. The un-grouted panel is denoted as 
(UG) and the partially grouted panel is denoted as (PG). Two walls of the each configuration are denoted 
by “1” and “2”. It can be seen in the figure that the PG FE model FEM(PG) well predicts the average peak 
load of the tested panels (59 kN) and the failure displacement of 5.3 mm. Similarly the FEM(UG) predicts 
both experimental curves acceptable. Therefore, this model enables to study the behaviour of the partially 
Figure 2. Finite element model
X and Y directions 
restrained
X direction restrained
and Y direction loaded.
Grouted core
X 
Y
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grouted masonry shear walls in-plane shear analysis. Further details of other validated parameters such 
as reinforcement strains, strains at centre of the panel, crack pattern can be found in Janaraj and 
Dhanasekar (2014), Janaraj and Dhanasekar (2015a) and Janaraj and Dhanasekar (2015b). This 
validated model is used for the further studies reported in the following sections. 
Figure 3. Diagonal load versus diagonal displacement
3. Influencing parameters
3.1 Panel failure
It was found that the panel failure is determined by the aspect ratio of the panel. The study outlined such 
findings is reported in this section. For this purpose a wall with a wall aspect ratio of 0.68 walls containing 
1.9pO  panels was selected as shown in Figure 4.a. The same wall was introduced with horizontal 
reinforced grout at the middle to form 1.0pO  panels as shown in Figure 4.b. The wall with three panels 
3,1W is technically converted into six panels’ wall 3,2W without changing its overall dimensions. The 
principal logarithmic strains are shown in Figure 4 where red shows tensile strains corresponding to failure 
of the wall. It can be clearly seen that the failure was obtained along the wall diagonal in Figure 4.a where
1.9pO  . The partition of wall using horizontal grout has arrested the diagonal failure within the panels. In 
this scenario, considering the wall aspect ratio to determine the in-plane shear capacity does not 
represent the actual resisting mechanism. Therefore, the sensitivity of the panel is analysed in the 
following sections.
3.2 Effect of horizontal reinforcement
It is widely reported in the literature the horizontal reinforcements have limited contribution to the shear 
capacity of the masonry shear walls (for example Shing et al. (1990)). It has been found that the horizontal 
reinforcement activates in the post peak region of the wall hence no in-plane shear capacity will be 
attained. To examine this nature, the wall reported in Figure 4.b is considered.
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                                             (a) Wall failure.                                                                         (b) Panel failure.
Figure 4. Effect of horizontal reinforced grout
                        (a) Tensile stress in the reinforcement.                                            (b) Tensile stresses at two loading
                (c) Location definition
                       Figure 5. Tensile stresses on the reinforcement
Location A was selected at the heel side of the wall where higher tensile stress on the reinforcement 
exists and location B was selected is selected in the horizontal reinforcement as shown in Figure 5.a. The 
graphs in Figure 5.b are denoted by the location followed by the net area of the reinforcements stated in 
percentage of net area of the wall. The amount of horizontal reinforcement was changed and its 
corresponding tensile stresses are shown in Figure 5.b. It can be seen from Figure 5.a that the 
reinforcement did not yield and reached only 25% of its yield capacity of 500 MPa. The increase on 
amount of horizontal reinforcement merely reduces the tensile stresses indicate it was in elastic region. As 
these A and B points were selected in two locations it was decided to study the tensile stress variation 
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along the length of the horizontal reinforcement. The tensile stress of the reinforcement at the peak load 
capacity of the wall and the ultimate capacity of the walls were selected as shown in Figure 5.c. The yield 
stress of the reinforcement had shown no significant difference for the ultimate and the peak load capacity 
of the wall. Therefore, it was decided the horizontal reinforcements do not contribute to enhance the in-
plane shear capacity of the wall.
3.3  Panel efficiency
The panel efficiency measures the increase of the in-plane shear capacity of the wall than its individual 
arithmetic sum of individual panel in-plane shear capacity of the panels. This increase is achieved due to 
effective confinement induced in between panels. The panel efficiency is measured using Eq. (7).
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Where 1,1X
 is shear strength parameter of single panel and ,yX x is the shear strength parameter of the 
wall containing x and y numbers of panels. Any value of shear strength parameter above zero indicates 
the increase of shear strength of the wall through effective confinement. The panel efficiency of the walls 
which has four different aspect ratios of the panels is shown in Figure 6.
Figure 6. Panel efficiency of Wx,1 walls. 
For the walls containing Ȝp=1.00 panels along its wall loaded direction/ wall length, the increase of wall 
length from 1 to 3 did not increase any shear strength through confinement. However, the further increase 
of panels substantially increased the panels walls hear strength. For example, individual panel located in 
the nine panel wall produces 22% higher in-plane shear load than its individual capacity as confinement 
increased substantially. However, further increase of the panels within the wall does not increase the 
efficiency indicating saturation was occurred at 9 panel wall. It is also found that reduce in panel aspect 
ratio merely reduces the panel efficiency. This study was conducted on a single panel height wall or single 
storey height wall. When the panel height was increased, it was found that the efficiency reduces. This
efficiency is implemented in the following sections of the equation development. 
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4. In-plane shear expressions development
The in-plane shear expressions are formulated based on the capacity of the single panel. Then this single 
panel capacity is converted to wall in-plane shear capacity using panel efficiency factor. As these panel
efficiencies were formed for single storey panel, the effect of multi storey was analysed and its correlation 
was found as below (Eq. (8)).   
1
1, 1,10.9
y
yX X
   (8)
The in-plane shear capacity expressions of the partially grouted masonry wall are formulated by analysing 
masonry panel properties, Pre-compression load and boundary conditions. As horizontal reinforcement 
shows no effect on the in-plane shear capacity, it is completely disregarded in the equation formation. 
4.1 Masonry 
A masonry panel was considered for the analyses. The panel was loaded in horizontal direction with fixed 
boundary conditions at the top while completely arresting bottom wall movements in both directions. The 
strength of masonry and the panel aspect ratio were considered as major variables. Initially, the panel 
aspect ratio was kept as constant and the in-plane shear capacity was correlated with fm . This 
correlation was performed separately for pO of 1.0, 0.80, 0.65 and 0.55 panels. An established linear 
correlation for the 0.80pO  panel can be seen in Figure 7. Similar linear correlation was observed in 
other aspect ratio panels .
Figure 7. In-plane shear strength versus fm . 
As the in-plane shear stress of the panel (W ) is linearly correlated with 'mf , further studies have been
conducted by considering '/ mfW varies with panel aspect ratio ( pO ) linearly as shown in Eq. (9). 
'
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For this study, a compressive strength of masonry 6 MPa, 9 MPa, 12MPa, 15 MPa, and 18 MPa were 
considered. Curves were plotted in the '/ mfW versus pO space and 95% confidence line was obtained 
as shown in Eq. (10).  
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(10)
4.2 Pre-Compression and boundary condition
A single panel was subjected to different levels of pre-compression changing from 0% of its compressive 
strength of the masonry to 50% of the compressive strength of the masonry.   It was found that an 
inclusion of 25% pre compression load would conservatively measures the enhancement of the in-plane 
shear capacity of the panel through pre-compression. Further, any load exceeds 13% of the compressive 
strength of the masonry cause more brittle type failure of the wall. Similar limitation is enforced in 4230 
(2004). It is also noticed that a transition of fixed boundary wall to cantilever type free boundary wall cause 
reduction in in-plane shear capacity of the wall. It was found that the release of boundary condition 
reduces the in-plane shear capacity by 50%. This effect is included through boundary condition factor J in 
the equation which is 1.0 for fixed boundary wall and 0.5 for free boundary cantilever wall. Other factors 
are outlined in Table 1.
Table 1.  Design criteria for fixed boundary walls
Wall height Wall length pO ȟ
Single panel
Less than 4 panels* Ȝp=1-0.55 1.00
More than10 panels
 Ȝp  1.22
0.8 > Ȝp  1.00
0.6 > Ȝp 0.93
2-3 panels All panels  Ȝp 1.00
4 panels
Less than 5 panels  Ȝp 1.00
above10 panels
Ȝp = 1.0 1.00
1.0 > Ȝp  0.94
* Linear interpolation is permitted in between 4 to 10 panels.
For released boundary wall the factor need to be multiplied by 0.4.
After considering all the factors the final in-plane shear expressions is shown in Eq. (11).
 ^ `   1'0.17 2 0.9 0.25P 0.9 yp m nV f A xO [ J   u u u u (11)
Where V , P, x and J are In-plane load capacity of the wall, pre-compression load, number of panel 
along wall length and boundary condition factor, respectively.
4.3 Independent validation of the model
To examine the reliability of the model, nine independently tested walls published in Nolph and ElGawady 
(2011), Minaie et al. (2010), Shrive et al. (2009), Schultz (1996) and Ghanem et al. (1993) were 
considered as it  contained pO d 1 panels. Its prediction is shown in Figure 8, where V /VEXP greater than 
1.0 is un-conservative prediction.  The prediction of AS 3700 is far away from the actual wall in-plane 
shear capacity whereas the propose expression average is 0.93 which is 7% conservative.
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Figure 8. Prediction of the expressions. 
5. Conclusions
The proposed model that accounts the effect of panel aspect ratio, pre-compression and boundary 
condition conservatively predicts the wall within acceptable safety margin. As 3700(2011) un-conservative 
prediction is quiet visible in the figure, hance it needs an urgent review.
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